We investigated dispersal patterns of San Joaquin kit foxes (Vulpes macrotis mutica) on the Naval Petroleum Reserves, California. Of 209 juvenile kit foxes monitored during 1980-1996, 33% dispersed from their natal territory. Significantly more males (49.4%) than females (23.8%) dispersed, and dispersal peaked in July. Dispersing males tended to be heavier than philopatric males; philopatric females were significantly heavier than dispersing females. Expressed as a percentage of all juveniles monitored, annual dispersal ranged from 0% to 79% for males, 0% to 50% for females, and 0% to 52% for all foxes. Percentage of male dispersal was related weakly to mean annual litter size (r 2 ϭ 0.27), and percentage of female dispersal was weakly and inversely related to annual indices of smallmammal abundance (r 2 ϭ 0.46). Most (65.2%) dispersing juveniles died within Յ10 days of leaving their natal range. Survival tended to be higher for dispersing males than for philopatric males but was similar between dispersing and philopatric females. Sixty percent of all foxes that survived to breeding age reproduced except among dispersing females, none of which reproduced. Alloparental care did not account for sex-biased dispersal in kit foxes. Auxiliary adults were observed occasionally with mated pairs, but helping behavior was not observed. Dispersal patterns of kit foxes may be a function of innate sex-biased dispersal altered by physical and biological pressures.
Social systems of canids show varying degrees of dispersal and philopatry (Moehlman 1989) , both of which have associated genetic and demographic costs and benefits (Shields 1987) . Because dispersal can be vital to species persistence (Stacey et al. 1997) , identification of primary causes of dispersal and factors contributing to successful dispersal may be particularly important in efforts to conserve rare species.
Canid species show considerable variation in mating systems, social behavior, and dispersal patterns (Moehlman 1989) , but the adaptive value of the various dispersal strat-* Correspondent: marnik@uwyo.edu egies of canids is poorly understood. A common trend among small-bodied canids, including red foxes (Vulpes vulpes-Macdonald 1981; von Schantz 1981 von Schantz , 1984 , arctic foxes (Aloplex lagopus- Hersteinsson and Macdonald 1982; Kullberg and Angerbjörn 1992) , bat-eared foxes (Otocyon megalotis- Nel et al. 1984) , and crab-eating foxes (Cerdocyon thous- Macdonald and Courtenay 1996) , is for males to disperse and females to be philopatric. Multiple hypotheses have been formulated to explain evolutionary causes of carnivore dispersal patterns (Emlen 1982; Liberg and von Schantz 1985; Lindström 1986; Macdonald 1983; von Schantz 1981; Waser 1996) . Possible expla-nations for sex-biased dispersal include inbreeding avoidance (Pusey and Wolf 1996; Waser 1996) , aggression of adults towards juveniles (Liberg and von Schantz 1985) , differing levels of competition for mates and resources between males and females (Greenwood 1980) , and alloparental care (Emlen 1982; von Schantz 1981) .
The San Joaquin kit fox (Vulpes macrotis mutica) is a small canid inhabiting the San Joaquin Valley and adjacent valleys in central California. This taxon is listed as federally endangered and threatened in California, primarily due to profound habitat loss (United States Fish and Wildlife Service 1998) . Although some aspects of its ecology have been extensively investigated, few data are available on its dispersal.
Our purpose was to examine dispersal patterns among San Joaquin kit foxes and identify contributing pressures and benefits associated with dispersal. Specific objectives were to determine which individuals dispersed and which were philopatric, to determine if demographic and environmental conditions influenced dispersal, to compare body mass and cause of death between dispersing and philopatric individuals, to investigate adaptive advantages of dispersal by comparing survival and reproductive output of dispersing and philopatric foxes, and to investigate alloparental care as a contributing cause of sex-biased dispersal.
MATERIALS AND METHODS
Study area.-We conducted the study on and adjacent to the 31,400-ha Naval Petroleum Reserves, California (NPRC), located in central California. Elevations ranged from 88 to 473 m above mean sea level (Woodring et al. 1932) . General topography consisted of steep-sloped drainages at higher elevations and gently rolling hills and flat valleys at lower elevations. Primary land-use activities on the Naval Petroleum Reserves included facility development and operational activities related to gas and oil production.
Annual weather patterns consisted of hot, dry summers and cool, damp winters. Mean maximum and minimum temperatures were 35ЊC and 18ЊC, respectively, in summer and 17ЊC and 4ЊC, respectively, in winter (National Climatic Data Center 1996) . Nearly all precipitation, averaging 15 cm/year, occurred between October and April.
Vegetation was characterized as valley grassland (Heady 1977) . Red brome (Bromus madritensis) and red-stemmed filaree (Erodium cicutarium) dominated the herbaceous vegetation. Desert saltbush (Atriplex polycarpa), the most common shrub, was scattered throughout the area. Other shrubs common in this area are spiny saltbush (A. spinifera), matchweed (Gutierrezia bracteata), buckwheat (Eriogonum fasciculatum), cheesebush (Hymenoclea salsola), and winterfat (Krascheninnikovia lanata).
Live trapping, radiocollaring, and telemetry.-Kit foxes were livetrapped primarily in July- August 1980 -1991 and December-January 1980 Additional trapping was conducted annually in April-July to assess reproduction and mark young. We used live traps (38 by 38 by 107 cm for adults; 28 by 28 by 81 cm for young) baited with canned mackerel or road-killed rabbits (Lepus californicus and Sylvilagus audubonii). A subset of captured kit foxes was fitted with radiocollars (Telonics, Inc., Mesa, Arizona). Usually at least 1 parent and half of the young in each litter were radiocollared. We collared about equal numbers of male and female juvenile foxes. Three times each week, we located radiocollared foxes in dens during daylight hours. Radiocollars were equipped with mortality sensors so dead foxes could be recovered and necropsied.
Dispersal.-The average home-range size for kit foxes in our study area was 5.2 km 2 (Zoellick et al. 1987a) . Because kit foxes generally have circular home ranges (Koopman 1995; Spiegel and Bradbury 1992; Zoellick et al. 1987a) , movements of Ͼ1.65 km from the center of the natal range were classified as dispersal if the individual did not return to the natal range (thus excluding exploratory movements- Harris and Trewhella 1988) . Natal range of the young encompassed all den locations of radiocollared parents. If parents were unknown, the initial capture location of the young was used as the center of the natal range. Date of dispersal was calculated as the median of the date of the last location within the natal range and the first location Ͼ1.65 km from the natal range. Annual dispersal was calculated as the percentage of juveniles that dispersed of all juveniles monitored each year.
Influence of demographic and ecological factors on dispersal.-To examine any biological correlates of dispersal, we conducted stepwise regression analyses with annual dispersal rates and demographic or ecological factors. Demographic factors included population density of kit foxes, adult male, adult female, and total adult survival probabilities, the proportion of new individuals in the population, adult sex ratio, juvenile sex ratio, and average litter size. Ecological factors included leporid density and indices of total prey abundance, small mammal abundance, and coyote abundance. Data for demographic and ecological factors were summarized by Cypher et al. (in litt.) .
Differences in juvenile weight.-Juvenile mass was examined as a potential determinant of dispersal. Because juveniles gain mass with age (Warrick and Cypher 1999) , only masses measured between 15 May and 15 June were used in this analysis. Mean masses were compared between dispersing and philopatric juvenile kit foxes using Student's t-tests.
Differences in survival and sources of mortality.-We tested for differences in survival (measured in days) between male and female dispersers using a 2-way analysis of variance. We assumed that all young were born on 15 February (Zoellick et al. 1987b) . Calculating survival in days was appropriate because all foxes were assumed to be the exact same age.
Mortality was attributed to 1 of 4 possible sources: predation, probable predation, road kill, or other. We classified the cause of mortality as predation if we observed tooth-puncture wounds, evidence of hemorrhage around those wounds, or muscle and joint injuries consistent with predator attacks (Wade and Bowns 1985) . Mortality was attributed to probable predation if we recovered only the radiocollar, if the carcass was too severely desiccated or scavenged to conduct a thorough necropsy, or if the carcass was buried. Cases in which only the radiocollar was found were most likely predation because the radiocollars were still bolted shut and therefore could only be removed by removal of the head from the body. Foxes found in or near a road and showing massive trauma were classified as road kill. Other sources of mortality included illness, trap injuries, or death due to petroleum extraction activities.
Unless a time and date of death was obvious from the carcass, date of death was calculated as the median of the last date a normal signal was received from the fox and the date the carcass was recovered. We compared sources of mortality between dispersers and nondispersers using contingency table analysis. Predation and probable predation were combined for statistical analysis. Foxes that could not be located because of malfunction of radios or because the den was located in a pipe were excluded from some analyses.
Differences in reproductive output.-To assess adaptive advantages for dispersal, reproductive output was compared between dispersing and philopatric kit foxes. Only individuals radiocollared as juveniles that survived through at least 1 breeding season and were monitored until their death were included in the analysis. Dens of radiocollared adults were monitored 1-3 times in March or April, soon after young emerged from the den but prior to dispersal. A concealed observer recorded the number of young and adults emerging from the den at dusk. Adult females often were trapped to verify that a radiocollared female was the mother of the young. Occasionally, a female kit fox was recovered dead before den observations were conducted. Carcasses that showed signs of suckling (rufous belly fur Egoscue 1975) and placental scars that could be counted were used to estimate litter size. Additional observations of young during telemetry and trapping helped us to determine annual reproductive output for each radiocollared fox. We used a 2-way analysis of variance to test for differences in reproductive output among male and female dispersers and nondispersers.
Evidence for alloparental care.-We investigated the possibility that ''helping'' behavior could lead to a skewed sex-ratio among dispersing and philopatric individuals. Among canids, females often remain philopatric and care for new siblings. Evidence of alloparental care among kit foxes was based on telemetry data and observations of foxes. Telemetry data were used to determine if juveniles remained in natal ranges and if they were found denning with their parents. Observations of foxes at dens were used to determine if auxiliary adults were present at dens with young.
RESULTS
Dispersal.-From 1980 to 1996, we radiocollared 233 kit fox young. Twenty-four foxes were excluded from the data set because of loss of radio contact, premature collar removal, or treatment of illness. Among all kit foxes radiocollared as young, 32.5% dispersed from their natal range. Among males, 44.2% dispersed (n ϭ 104), whereas only 21.0% of 105 females dispersed. Because foxes that died prior to 1 July often did not yet have an opportunity to disperse, we excluded that subset for statistical comparison between males and females. Among foxes that survived through 1 July, a higher proportion of males (49.4%, n ϭ 89) than females (23.8%, n ϭ 84) dispersed 2 ϭ 11.10, d.f. ϭ 1, P Ͻ 0.001). Mean age at dispersal was 8 months (range ϭ 4-32 months), and the median was 7 months. Among dispersing foxes, 87.1% did so during their 1st year, with the majority dispersing in July (Fig. 1a) . Accordingly, among dispersing juveniles, more mortality occurred during that month than during any other month. Among nondispersing juveniles, mortality was highest in June (Fig. 1b) .
Annual dispersal percentage for kit foxes was calculated for each year from 1980 to 1995 (Table 1) . No juveniles were radiocollared in 1992, 1993, or 1996 . For years in which at least 5 pups (males and females combined) were monitored, annual dispersal was 0-51.5%. Annual dispersal for males was 0-78.9% whereas dispersal for females was 0-50.0% for years in which at least 3 male or 3 female young were monitored.
Influence of demographic and ecological factors on dispersal.-Dispersal percentage for both sexes combined was not related to any demographic factors (P Ն 0.11), including population density, total adult, adult male, and adult female probabilities of survival, proportion of new individuals in the population, adult sex ratio, juvenile sex ratio, and average litter size. Dispersal percentage was not related to ecological factors (P Ն 0.32), including leporid density and indices of total prey abundance, smallmammal abundance, and coyote abundance. Male dispersal was related weakly to annual litter size (r 2 ϭ 0.27, d.f. ϭ 11, P ϭ 0.09) but was not related to any other demographic (P Ն 0.22) or ecological (P Ն 0.39) variables. Female dispersal was related weakly and inversely to annual indices of small mammal abundance (r 2 ϭ 0.46, d.f. ϭ 6, P ϭ 0.09) but was not significantly correlated with any other demographic (P Ն 0.15) or ecological (P Ն 0.18) factors.
Differences in juvenile mass.-Mean (ϮSE) weight of dispersing male kit foxes was marginally higher (t ϭ 1.60, d.f. ϭ 57, P ϭ 0.12) than that of philopatric males (1.69 Ϯ 0.04 kg versus 1.59 Ϯ 0.04 kg). Conversely, mean weight of philopatric females was higher (t ϭ Ϫ2.02, d.f. ϭ 49, P ϭ 0.03) that that of dispersing females (1.61 Ϯ 0.03 kg versus 1.48 Ϯ 0.06 kg).
Survival.-Among dispersing kit foxes, 65.2% (43 of 66) died within Յ10 days of dispersing. Survival increased with increased age at dispersal (r 2 ϭ 0.70, d.f. ϭ 65, P Ͻ 0.001), but that relationship was likely confounded by the fact that dispersers often died at the time of dispersal. However, after foxes that died during dispersal were removed from the data set, survival still increased with age at dispersal (r 2 ϭ 0.55, d.f. ϭ 29, P Ͻ 0.001; Fig. 2 ).
There was a marginal difference in survival among dispersing and philopatric males and females (F ϭ 2.67, d.f. ϭ 3, 141, P ϭ 0.11). Philopatric males (231.6 Ϯ 47.2 days) had lower survival (Tukey-Kramer HSD; P Ͻ 0.10) than did philopatric females (409.6 Ϯ 53.9 days), but dispersing males (337.1 Ϯ 42.5 days) and dispersing females (315.0 Ϯ 40.7 days) were similar (Table 2) . Survival also was similar among dispersing and philopatric males and among dispersing and philopatric females.
Sources of mortality.-A total of 200 radiocollared kit foxes were found dead and necropsied. Dispersing and philopatric foxes had similar sources of mortality ( 2 ϭ 0.57, d.f. ϭ 2, P Ͼ 0.95; Table 3 ). The primary cause of death among both dispersers and nondispersers was predation.
Reproductive output.-Among kit foxes radiocollared as young (and monitored through at least 1 breeding season before they died), mean reproductive output did not differ among dispersing and philopatric males and females (F ϭ 1.20, d.f. ϭ 3, 34, P ϭ 0.32), but sample sizes were small for male and female dispersers (Table 4) . However, none of the 6 females that dispersed produced pups in her lifetime, whereas among all other groups, 55-60% of those that survived to breeding season reproduced.
Alloparental care.-Rarely did radiocollared offspring and at least 1 radiocollared parent survive and remain in the same range through the next reproductive cycle. Two female yearlings from the same litter denned with at least 1 parent frequently through June of their 2nd year. However, their parents did not produce a new litter, so this did not serve as evidence of possible helping behavior. On 2 occasions, yearling females were observed to den frequently with their mother and her young. On 2 other occasions, 2 females were observed denning together with 2 litters of young. One of those pairs was a mother and adult daughter that raised young together. Another observation consisted of 2 adult females denning together with 5 young; whether the young were from 1 or 2 litters is unknown. Without direct observation of actual helping behavior (feeding or caring for another adult female or her young), there is no evidence of alloparental care.
DISCUSSION
Dispersal strategies exhibited by San Joaquin kit foxes on the Naval Petroleum Reserves were consistent with those reported for other small canids (Moehlman 1989) . Generally, dispersal was male biased, and most dispersal occurred during the 1st year of life. Male-biased dispersal and greater female philopatry also have been observed among kit foxes in Utah (V. macrotis nevadensis- O'Neal et al. 1987 ) and among Blanford's foxes (V. cana-Geffen and Macdonald 1992), gray foxes (Urocyon cinareoargenteus- Tullar and Berchielli 1982) , and red foxes (Storm et al. 1976; Voigt and Macdonald 1984; Woollard and Harris 1990) . Although primarily juveniles dispersed, some adult kit foxes also dispersed. Dispersal by adults also has been reported for red foxes (Storm et al. 1976; Voigt and Macdonald 1984) , arctic foxes (Tannerfeldt and Angerbjörn 1996) , and kit foxes in Nevada (O'Neal et al. 1987) . Mean dispersal distance of kit foxes at the Naval Petroleum Reserves was 7.8 Ϯ 1.1 km (range ϭ 1.8-32.3 km, n ϭ 48) and did not differ between sexes (Scrivner et al. 1987) .
Male dispersal was greater than female dispersal every year except 1986 and 1990, the first of which was not a reliable measure because of the small sample size of females. Among monogamous mammals, including 15 (56) 6 (55) 9 (56) 18 (47) 3.4 Ϯ 0.8 3.2 Ϯ 0.9 3.6 Ϯ 1.2 2.8 Ϯ 0.6 the San Joaquin kit fox, sexes are expected to disperse equally because of similar pressures in finding resources and mates (Greenwood 1980) . It is unlikely that biological pressures such as food abundance or litter size consistently favored male-biased dispersal among kit foxes in this study. Sexbiased dispersal in monogamous systems suggests an adaptive mechanism for inbreeding avoidance. Such a strategy may arise from an innate level of male-biased dispersal that is modified by prevailing biological conditions (Howard 1960) .
Males dispersing from their natal range were larger and may have been in better condition than philopatric males. Similarly, the onset of dispersal for red foxes in Canada was related to the stage of juvenile development and maturation (Storm et al. 1976) . Smaller males remained near their natal range, which may have been more crowded and had fewer resources per individual. In Sweden, subadult red foxes that remained in their natal range were forced by adults to use suboptimal habitats, where foraging efficiency was lower (von Schantz 1981) . Juvenile males that were philopatric also may have been subjected to antagonism by adults, particularly adult males in competition for mates (von Schantz 1981) . In contrast, among coyotes (Canis latrans) in Wyoming, dispersers were generally smaller, subordinate individuals that were outcompeted for resources by larger, more dominant individuals and that voluntarily dispersed from their natal territory (Gese et al. 1996) .
Dispersal is a risky endeavor with associated costs, including increased energy demands, difficulty capturing prey in unfamiliar habitat, increased exposure to predators, lack of shelter and escape cover, and competition with other foxes (O'Neal et al. 1987) . This risk was evident on the Naval Petroleum Reserves by the deaths of over half of all kit foxes Յ10 days of dispersal. Kit foxes in Nevada moved through mountainous areas and other uncharacteristic environments during dispersal (O'Neal et al. 1987) . Those individuals also showed signs of malnutrition during dispersal and experienced higher rates of mortality than did philopatric foxes, as was reported for red foxes (Harris and Trewhella 1988; Lindström 1989; Woollard and Harris 1990) . Among San Joaquin kit foxes, larger body size at the onset of dispersal may have offset some of the risks associated with dispersal for juvenile males. This also may explain why survival of dispersers increased with age at dispersal; older dispersers were larger and more experienced than younger dispersers.
Sources of mortality were similar be-tween dispersing and philopatric kit foxes. Predators, particularly coyotes, are the primary source of mortality among San Joaquin kit foxes (Cypher et al., in litt.; Ralls and White 1995; Spiegel and Disney 1996) , and dispersal status apparently did not alter this fact. Thus, dispersal does not appear to increase predation risk or to release kit foxes from predator pressure. Dispersing individuals may have been unfamiliar with roads, thereby slightly increasing the likelihood of being struck by vehicles. Territories of philopatric foxes often encompassed roads, but foxes may have become aware of the danger.
Costs of dispersal appeared to be manifested in lower reproductive output. Reproductive output was significantly lower among San Joaquin kit foxes that dispersed from their natal territories, but that difference stemmed from the fact that none of the 6 females in the sample reproduced. Among both dispersing and philopatric males, 55-60% reproduced.
Dispersal appeared to vary greatly among years, consistent with the hypothesis that demographic or ecological factors influence kit fox dispersal. Although dispersal was not strongly related to any of the factors assessed, some patterns emerged from the comparisons. For example, the negative relationship between percentage of female dispersal and small-mammal abundance on the Naval Petroleum Reserves may have resulted from intraspecific competition and parental intolerance when food availability was low. More dispersal was observed among juvenile female red foxes during periods of low food availability in Canada (Voigt and Macdonald 1984) and Sweden (Lindström 1989) .
Philopatry among San Joaquin kit foxes, in most cases, did not result in adult offspring residing with their parents. Philopatric male and female kit foxes tended to utilize significant portions of the natal range, but territory boundaries of the parents would often shift to accommodate adult offspring (i.e., territory inheritance hypothesis-Lindström 1986). Juveniles may exhibit philopatry when unoccupied habitat is available in or near their natal range. Philopatry among San Joaquin kit foxes on our study site may be unusually high because of especially high rates of mortality (B. L. Cypher, in litt.) and turnover of territories.
Helping behavior among canids often has been cited as sufficient explanation for male-biased dispersal because auxiliary females can significantly increase the reproductive success of a mated pair (swift foxes-Covell 1992; red foxes-Zabel and Taggart 1989). However, alloparental care was not common among San Joaquin kit foxes. Auxiliary adults occasionally were observed within kit fox social groups on the Naval Petroleum Reserves (this study; Zoellick et al. 1987b ) and elsewhere (O'Neal et al. 1987; Spencer et al. 1992; Spiegel and Tom 1996) , but actual helping behavior has been documented only once (Spiegel and Tom 1996) . On our study site, juvenile kit foxes resided with their parents for Յ18 months but did not continue to live in family groups past this age (Koopman et al. 1998) , thus limiting the opportunity for helping behavior. In a special form of alloparental care, reproductive and nonreproductive yearling female kit foxes have adopted and raised the litter of their parents when the mother died during rearing of young (Spiegel and Tom 1996; B. L. Cypher, in litt.) .
Because of development of land for agriculture and industry in the Central Valley and surrounding areas of California, populations of kit foxes are decreasing and becoming more fragmented, thus approaching metapopulation structure. Immigration and emigration (i.e., dispersal) are necessary components of population persistence in fragmented habitats. Dispersal among subpopulations can rescue declining populations (Brown and Kodric-Brown 1977) , enhance reproduction, maintain genetic diversity (Ralls et al. 1988) , and reduce risk of extinction (Hanski et al. 1996; Stacey et al. 1997) . The ability and propensity for indi-viduals to disperse across unsuitable habitat is vital for continued persistence of disjunct subpopulations.
San Joaquin kit foxes appear to disperse readily. Among males, dispersal does not appear to have negative consequences for survival. The differential effect of dispersal on survival and reproduction among males and females may account for male-biased dispersal in this species of small canid. Our study was conducted on land with minimal urban and agricultural development. Studies of dispersal across developed habitats are needed to assess the propensity of kit foxes to disperse and their success in urban and agricultural settings.
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